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Manipulating topological disclination networks that arise in a symmetry-breaking phase transfor-
mation in widely varied systems including anisotropic materials can potentially lead to the design of
novel materials like conductive microwires, self-assembled resonators, and active anisotropic matter.
However, progress in this direction is hindered by a lack of control of the kinetics and microstructure
due to inherent complexity arising from competing energy and topology. We have studied thermal
and electrokinetic effects on disclinations in a three-dimensional nonabsorbing nematic material
with a positive and negative sign of the dielectric anisotropy. The electric flux lines are highly
non-uniform in uniaxial media after an electric field below the Fre´edericksz threshold is switched on,
and the kinetics of the disclination lines is slowed down. In biaxial media, depending on the sign
of the dielectric anisotropy, apart from the slowing down of the disclination kinetics, a non-uniform
electric field filters out disclinations of different topology by inducing a kinetic asymmetry. These
results enhance the current understanding of forced disclination networks and establish the pre-
sented method, which we call fluctuating electronematics, as a potentially useful tool for designing
materials with novel properties in silico.
I. INTRODUCTION
Topological singularities such as points, lines and walls
are ubiquitous in phases with broken symmetry. Canoni-
cal examples include dislocations in solids[1], vortex lines
and rings[2] in superfluid 3He and 4He, Abrikosov vor-
tex lines in superconductors[3], vortex lines in Bose-
Einstein condensates[4], umbilic lines[5] and pi solitons[6]
(disclinations) in nematic liquid crystals (NLC) that pro-
vide a testing ground for theories of cosmology[2, 7],
λ lines in cholesteric fluids[8], Bloch and Ne´el lines in
ferromagnets[9], walls in lipid membranes[10] and string
networks in ecology[11]. NLC phases display rich bire-
fringence under a polarizing microscope during phase
ordering from a disordered state after a rapid quench
in pressure or temperature, resulting in the formation
of disclinations with integer and fractional topological
charge. These singularities proliferate after nucleation
and form contractile loops after intercommutation[12].
Unlike dislocations, disclinations possess intricate ki-
netics, microstructure, and equivalence with an electric
charge. Strings are charge neutral with either topolog-
ical charge ±1 or ±1/2 residing at the two segments
or end points of the string to form topological dipoles.
Higher multipoles and integer charged dipoles also nucle-
ate within the charge neutral strings at the early stage
of kinetics. Subsequently, these structures rupture into
fractionally charged dipolar strings. Similar to elec-
trodynamics, like topological charges repel and unlike
charges attract and annihilate in pairs while monopoles
are nonexistent to retain charge neutrality unless created
by symmetry-breaking boundaries, an inclusion of impu-
rity or external drive with a laser beam[13].
∗ Email address: amitb@physics.iisc.ernet.in
Existence, classification and recombination rules of
disclinations in equilibrium, which play an important role
in the material design, is governed by the energy land-
scape as well as the geometry (topology) of the order
parameter space[12]. Strings in uniaxial NLC displayed
in figure 1 (frames a-d) are topologically defined by
pi1(RP2) = Z2 with homotopy group pi1 in the projective
plane RP2 resulting in the abelian group Z2 with topo-
logical charge ±1/2[12]. After a theoretical proposal[14],
pi solitons have been seen in fluorescence confocal
polarized-light microscopy of pentylcyanobiphenyl (5CB)
NLC[6, 7], molecular simulations[15] and field theoretic
computations[13, 16]. Likewise, biaxial disclinations dis-
played in figure 1 (frames e-h) are defined by pi1(RP3) =
Q8 where RP3 is the projective plane and Q8 is the non-
abelian group of quaternions generating three classes of
half-integer topological charges denoted by Cx,y,z. In
monolayered thin films, the simultaneous and pairwise
coexistence of fractionally charged point dipoles of ei-
ther class Cx,y, Cy,z or Cx,z is predicted[17] and observed
in field theoretic computations[16, 18]. Albeit topologi-
cally proscribed in three dimensions, strings of disparate
topology do not entangle but annihilate pairwise within
the respective class[16]. Depending on the anisotropic
elastic constants of the medium, soft disclinations are
vulnerable to thermal fluctuations and external stimu-
lus like an electromagnetic field. Regulated by the sign
of the dielectric anisotropy constant of the material, an
electric field at the Fre´edericksz threshold can orient the
nematic director along or perpendicular to the field di-
rection. It is particularly interesting to examine whether
locally uniform and nonuniform electric field can lead to a
time-dilated kinetics of the disclination network[13], and,
how the anisotropy of the nematic orientation embedded
in the dielectric tensor leads to nonuniformity in the local
electric field. For example, nematic regions at the top of
a colloidal inclusion are generated due to the asymmetric
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FIG. 1. a, pi solitons in a thick uniaxial film of 5CB after a temperature quench from an isotropic state (T = 40◦C) to a nematic
state (T = 33.65◦C). Supercooling and superheating temperatures are T = {34.2, 34.47}◦C. Disclination isosurfaces correspond
to scalar uniaxial order with isovalue Sueq/2, where Sueq = 0.086. b, Corresponding biaxial order with isovalue (B2)max/2
where (B2)max = 0.05. c, uniaxial order and director distribution on a portion of the xy-slice plane of (a). d, Corresponding
spatial extension of scalar uniaxial and biaxial order, displaying core structure of two segments of charge neutral disclinations
in-plane, which are ±1/2 integer defects[6, 13]. e, Charge neutral pi solitons of different homotopy class in thermotropic biaxial
media (see Supplementary Movie S2 and Appendix (section C) for defect characterization scheme). Disclination isosurfaces
correspond to isovalue 6Sbeq/7 where Sbeq = 0.96. f, Corresponding biaxial order with isovalues {0.42(B2)beq,0.83(B2)beq} for
homotopy class {Cy, Cz} where (B2)beq = 1.2. g, Uniaxial order and director distribution on a portion of the xy-slice plane of
(e). Note the similarity in the microstructure of ±1/2 Cz defects with uniaxial defects in (c) and no variation in n for ±1/2 Cy
defects. h, The corresponding variation of uniaxial and biaxial order displaying core structure of disclination segment of both
class in-plane. Although both scalar orders decrease in the core of Cy defect, biaxiality increases for a decreasing uniaxiality in
Cz defect. Parameters are defined in Appendix (section A) and material (computation) parameters are tabulated in Table I.
distribution of the field intensity[19]. Such control is hard
to characterize in experiments, impossible in nanoscale
molecular simulations and limited in field theoretic calcu-
lations due to numerical complexity, as Ref.[19] mentions,
“molecular alignment in the inhomogeneous electric field
has not yet been well studied as it is not easy to solve the
Poisson equation with an inhomogeneous dielectric con-
stant to calculate the local electric field”. Attributing to
the scale invariant property of the Ginzburg-Landau-de
Gennes (GLdG) field theory, relaxational kinetics of the
orientation tensor has quantitatively reproduced experi-
ments in silico from mesoscale[13, 20] to nanoscale[21].
State of the art grand challenge is attributed to the
nonavailability of a robust numerical scheme[22] which
is, in descending order of complexity, (a) free from
numerical artifacts of the traditional methods[23], ac-
counts for (b) local nonuniformity in electric field and
(c) equilibrium thermal fluctuations by respecting phys-
ical laws, (d) guarantees zero-trace property of the ori-
entation tensor and (e) incorporates anisotropic elastic-
ity to probe beyond the single diffusion (one elastic con-
stant) approximation[23]. Recent advances in fluctuating
hydrodynamics of isotropic suspensions[24] incorporating
point (a) demand a natural, yet challenging, extension for
anisotropic suspensions[25] while on the other hand, nu-
merical achievement of points (c-e) is fairly recent[20, 26].
By investigating beyond the uniform field
assumption[29], in this article, we have developed
a fluctuating electronematics method based on the
thermal description of the GLdG theory, with the
physical control over the role of each forcing to accu-
rately describe thermal and electrokinetic phenomena
in three dimensional NLC media. Using simple ana-
3Fig. Γ(P−1) A(Jcm−3) B(Jcm−3) C(Jcm−3) E′(Jcm−3) L1(10−7dyn) κ Θ ζ(µm) kBT (J)
1a-d 5 3.75× 10−3 18 0.5 0
3
2a-b, 4 1 −8× 10−3 −0.5 2.67 0 0.05 0 0 3.55 5× 10−6
0.05 0 0
2c 5 6.8× 10−3 9 0.5
3.75× 10−3 18 0.5
1e-h, 7 0.02 −4.5 −0.5 2.67 3.56 8.1 0 0 3.55 0
5, 6 8× 10−3
TABLE I. Parameters values excercised to mimic uniaxial (upper row) and biaxial (lower row) thermotropic NLC. A rectangular
simulation box of size 802 × 160µm3 with grid spacing ∆x = ∆y = ∆z = 1µm and time step ∆t = 1µs is considered. We use
material parameters for 5CB at T = 33.65◦C, 0 = 1, a = ±1, s = 0.74a[27] and use earlier excercised material parameters
for biaxial media[16, 28]. Using equation (A3), we estimate EF = 2×10−3V/µm for 5CB and with |E| = EF × (10−2, 10−1, 1),
nondimensional parameters are 1 = 1.5 × (10−4, 10−3, 10−2), 2 = 1.8 × (10−3, 10−2, 10−1). In biaxial media, we use |E| =
1.5V/µm < EF , 1 = 0.14, 2 = 3.35. ton = 1ms for both uniaxial and biaxial problem, while toff = 5ms for uniaxial and
toff =∞ for biaxial problem. Parameters are defined in Appendix (section A).
lytical argument, we provide an understanding of the
underlying mechanism responsible for the outcome in
both uniaxial and biaxial media in the free draining
limit at moderate to small electric field intensity, where
the advective flow of the anisotropic media can be
neglected. The interdependency between the topology in
the orientational order of the media and morphology of
the external field is elucidated through the measurement
of disclination kinetics and morphology. It turns out
that small magnitude of nonuniform electric field can
significantly dilate the coarsening kinetics of disclination
network and can eradicate certain topological class of
disclinations in biaxial media.
II. RESULTS
A. Thermoelectrokinetic effects of disclination
network in a coarsening uniaxial NLC
Here we systematically probe on the role played by
the elasticity of the medium and various external forcing
(kBT,E) on the kinetics and microstructure of the string
disclination assembly.
Role of thermal fluctuations and anisotropic
elasticity. The disclination kinetics is immensely in-
fluenced by external agents like thermal and electric
forces, anisotropic elastic effects or shear. To illustrate
the role of thermal fluctuations, we estimate the decay
of disclination density per unit area in the degenerate
elastic constant approximation without an electric field
(κ = Θ = |E| = 0 in equation (A6)). Using surface
triangulation method[30], we calculate the total surface
area of the disclinations in the media. Figure 2: frame
a plots the same for three different values of kBT in-
cluding the athermal scenario and in frame b, we show
a portion of the three-dimensional volume that distin-
guishes the disclination kinetics between the athermal
and thermal scenario. In the athermal scenario, three
different regime with marked exponents emerges out in
the evolution process, that had been previously quanti-
fied as diffusive regime → Porod’s law regime → diffu-
sive regime[16]. The early diffusive regime corresponds
to domain coarsening before nucleation of disclinations
(t = 0.84ms), while Porod’s law scale designates the de-
fect annihilation kinetics (t = 1.4ms) and finally, the
late stage diffusion is attributed to contraction of isolated
loops (t = 11ms). Clearly, thermal fluctuations tend to
increase the disclination surface density without affect-
ing the scaling laws, that is important for materials (e.g.
PAA) having transition temperature way above the room
temperature. Fluid viscosity η can be obtained from the
Stokes-Einstein relation kBT/Kη = constant. However,
frame c shows that disclination density in the athermal
media not only increases for an increase in κ, but also
stretches the Porod’s law regime. The slope changes
from 0.8 to 1 as elastic anisotropy is increased. While
the slope of unity is also obtained in experiments with
5CB[7, 31], we re-establish our earlier claim[20] about
the crucial contribution of the anisotropic elasticity of
the medium. Intuitively, anisotropic elastic constant re-
sults into asymmetric diffusion constants in Cartesian di-
rections and thus brings asymmetry in the speed of ±1/2
integer point defects[23, 32]. The loss of area in forming a
contractile loop is greatly reduced for higher anisotropy.
Before we embark on discussing coarsening in the pres-
ence of an electric field, we revisit the coarsening kinetics
when no electric field is present. As seen in Supplemen-
tary Movie S1, disclinations with higher line tension and
curvature are energetically disfavoured, culminating in
stretched strings that form contractile loops after inter-
commuting with neighbouring strings. By taking into
account the effect of viscous drag and length decrement
of a string in forming a loop at time t, the disclination
surface density ρ is found[7] to scale as ρ ∝ t−1. An iden-
tical scaling law is obtained for a planar disclination when
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FIG. 2. a, Increment in disclination density with fluctuation amplitude. Note the three different slopes corresponding to initial
diffusive regime → Porod’s law regime → late stage diffusive regime. b, Comparison of disclination kinetics in a thermally
fluctuating media with its athermal variant that corresponds to (a). A portion of the three-dimensional volume is shown for
clarity, that displays domain decomposition before nucleation of disclinations → intercommuting disclinations → contractile
disclination loops. c, Increased elastic anisotropy leads to increased disclination density with a prolonged Porod’s law regime.
Note that both thermal fluctuations and elastic anisotropy aids in early nucleation of the isotropic domain, but prolongs the
disclination kinetics. The rendered colours in field values are indicated in figure 1 and the arrow denotes the increment direction.
Material (computation) parameters are tabulated in Table I.
equating the rate of change of the line tension per unit
volume with the energy density loss rate[1]. Our method
accurately reproduces the slope of 1±10−3 within the er-
rorbar shown in figure 3 (‘no field’ curve in frame g) with
the material parameters of 5CB. Thermal fluctuations
and elastic anisotropy lead to an increment in the discli-
nation surface density at a given time and the period
of disclination annihilation kinetics is extended without
affecting the physical laws.
Role of an electric field. Next, we elaborate on
the thermal and electrokinetic effects on coarsening in
uniaxial NLC after the onset and cessation of an unidi-
rectional voltage pulse. The electric field is applied at an
instant ton when only disclinations with dipolar charge
±1/2 are present, and, the medium is free of ±1 dipolar
strings or point charges. The switch-off time of the field
is set at an instant toff when the electric flux lines within
the medium do not change substantially. For a shallow
quench below the supercooling line, for both signs of the
dielectric anisotropy constant and below the Fre´edericksz
threshold of the electric field, the orientational order is
comparable in magnitude with the non-dimensionalized
electric potential. Thus within the medium, the flux lines
are very much distorted as seen in figure 3. Instead of
being aligned along the field direction, the isotropic cores
of the strings displaying reduced uniaxial order are little
deformed by the electric force[6] and have a little contri-
bution in distorting the flux lines. This is attributed to
the weak coupling of scalar order to the electric field, un-
like the director that strongly couples to the electric field.
In no switch-off scenario (toff →∞), the nonuniformity
of the flux lines is retained in the electrically forced ne-
matic phase devoid of disclinations around t ∼ 35ms (not
shown). The flux lines in figure 3 (frames a-f), however,
tend to gain uniformity as the electric field is increased
towards the Fre´edericksz threshold for both signs of the
dielectric anisotropy constant. As observed in frame g,
electrically forced strings are little thinner due to a re-
duction of the surface density, but they are long lived
due to a dilated kinetics. After the field is switched off,
disclination kinetics and surface density do not imme-
diately return to the zero-field behavior, but lag for an
interval of ∼ 10ms. Thus, the material retains a memory
of the field onset in the process of exhibiting an elastic
response. The electric field agitates the isotropic back-
ground towards an uniaxial medium, thus increasing the
uniaxial order (frame h) and non-monotonically decreas-
ing the total free energy (frame i). Though we obtain
Brochard-Lege´r lines connecting pi solitons under an in-
tense field above the Fre´edericksz threshold, the lack of
backflow in our method cannot reproduce a ceasing motil-
ity of disclinations[6]. Rather, they annihilate at a faster
rate due to the uncompensated electric drag force. Elec-
trokinetic effects under intense forcing, such as electro-
convection or rheochaos, can be quantitatively captured
only if backflow is systematically included. Unlike in col-
loidal suspensions[24], the question of the existence of
correlations between fluctuations in orientation and ve-
locity has to be answered from experiments[33] before
attempting a numerical study in which backflow effects
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FIG. 3. a-c, Nonuniformity of electric flux lines along with the uniaxial order is sketched on slice plane Lz/8 for negative
dielectric anisotropy constant material (for example, butylmethoxybenzylidene (MBBA)) when the magnitude of the non-
dimensionalized scalar potential is comparable to the orientation tensor (see Supplementary Movie S3). Disclinations in the
bulk volume are also displayed to guide the eye. Uniformity in flux lines is gradually reached as the field is increased to the
Fre´edericksz threshold EF . d-f, Comparatively similar electric response of a positive dielectric anisotropy constant material
(for example, 5CB). g, Evolution of disclination density per unit area displaying an increased life-span of pi solitons with
non-Markovian response during field cessation, h, elastic response of the global uniaxial order and i, (free) energy with varying
field strength after onset and cessation of an unidirectional electric field. Equilibrium response is also sketched for comparison.
Material (computation) parameters are tabulated in Table I.
are included.
We qualitatively argue about the slowing down of
disclination kinetics for a planar isolated disclination
loop. An in-plane estimate is valid for 5CB while
twist constant is much smaller than splay or bend
constants[20]. Also deep within the uniaxial phase where
the director is aligned uniformly, Frank constant K can
sufficiently define the medium elasticity[26]. In such sit-
uations, planar disclination energy per unit length is
Fdiscl =
∫
S d
2x[K(∂f)2 − 0aE2sin2f ]/2 where f =
kφ+ c, with 0 ≤ φ ≤ 2pi, k = ±1/2 being the topological
charge, S the bounding plane and c a constant, defines a
planar defect configuration n = [cosf, sinf ]. Performing
the surface integral, the reduced disclination energy per
unit length is
Fdiscl = piKk2ln
( ξ
ζ
)
− pi0a
4k
E2(ξ2 − ζ2) + Fcdiscl, (1)
where Fcdiscl is the disclination core energy. Equating the
elastic energy Fdiscl/ξ per unit area with the drag force
−η∂tξ per unit length yields contributions from (i) the
equilibrium kinetics ξ ∼ t−1/2 and (ii) the electric field
effect ξ ∼ eνt with ν = pi0aE2/8kη. While ν is inde-
pendent of the sign of k or a, ν > 0 implies of a tempo-
ral reduction of the loop extinction kinetics. Physically
this can be interpreted as a reduction in speed of ap-
proach between ±1/2-charged topological dipole within
a charge-neutral loop due to the external forcing. As ob-
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disclinations obtained from the portion of the xy-slice plane of
the three-dimensional volume in figure 2 (frame b). Colour-
bars are indicated in figure 1. Note the reduced fluctuation
amplitude of S for |E| 6= 0 compared to no field defect core.
served in figure 3 (frame g) and in supplementary figure
S1, nonuniform electric field substantially prolong the ki-
netics when compared to the uniform field scenario (see
Supplementary Movie S4).
To shed light on the effect of electric forces on the
disclination core structure in thermal uniaxial media with
a > 0, in figure 4 we sketch the spatial variation of the
surface of S around a planar defect for different field in-
tensity and compare with the equilibrium scenario. The
fluctuation amplitude at Sueq is reduced due to the ap-
plication of an electric field, resulting in a reduction of
the disclination surface density (figure 3, frame g). How-
ever, we do not find any significant distortion of the core
for an increasing field strength which indicates that the
field, unlike the director orientation, cannot influence the
sufficiently isotropic core other than a complete melting
of the disclination at E  EF .
B. Thermoelectrokinetic effects in coarsening
biaxial NLC.
Next, we examine the role played by the isotropic
elasticity of the medium and various external forcing
(kBT,E) on the kinetics and microstructure of the string
disclination assembly of different homotopy class. We do
not find excitingly different outcome when investigating
the role of anisotropic elasticity and, thus, here we re-
strict ourselves in reporting results in κ = 0 limit, in par
with other investigations[16, 28].
Role of thermal fluctuations. We estimate the con-
sequence of thermal fluctuations on the biaxial disclina-
tions of class {Cy, Cz}. In figure 5, we plot the evolution
of disclination density for different values of kBT and
compare with the athermal scenario. To remind, in the
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extinction by ring formation of disclinations is portrayed for
clarity. Slope and errorbar are indicated within the graphics.
Material (computation) parameters are tabulated in Table I.
inset to the left panel, we portray the early, intermedi-
ate and late stage of the disclination kinetics. Similar
to the uniaxial disclinations, here we also find that ther-
mal fluctuation increases the disclination density per unit
area with a comparable slope. The increase in slope for
an increase in kBT during early stage of the kinetics for
Cy class hints for a delayed emergence of Porod’s regime,
that is absent in Cz class. More interestingly, we observe
an equivalence of the Cz class of biaxial disclinations with
that of the ±1/2-integer disclinations in uniaxial nemat-
ics, both (i) in morphology (figure 1: frame c and frame
g) and (ii) kinetics, as observed in the identical slope
of 0.8 in the Porod’s law scaling regime (figure 5: right
panel and figure 2: frame a). Also, the mismatch of the
slope between the Cy and Cz class of disclinations (figure
5) suggests of minor influence within each other in the
course of annihilation.
Role of an electric field. To conclude, we examine
the thermal and electrokinetic effects on the coarsening
of biaxial NLC when the sample is rapidly cooled from
a disordered phase in the presence of a steady voltage
pulse. Figure 6 plots the instantaneous snapshots as well
as the kinetic evolution of the medium. Although the
topological structure and kinetic pathway of disclinations
in biaxial NLC have been predicted for long[1, 18, 34],
experimental advance to stabilize disclinations by avoid-
ing crystallization continues to be the holy grail of re-
search on thermotropic biaxial mesogens[35]. Similar to
the dilated kinetics of electrically forced uniaxial discli-
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also sketched for comparison. Material (computation) parameters are tabulated in Table I.
nations (see figure 3), we find in figure 6 (frame g) that
the onset of an electric field increases the lifetime of bi-
axial disclinations of homotopy class {Cy, Cz} at the ini-
tial stage for both sign of dielectric anisotropy. For ei-
ther class of disclinations, ν(= pi0aE
2/8kη) > 0 qual-
itatively explains the slowing down. For both signs of
the dielectric anisotropy constant of the material, flux
lines are massively distorted in the presence of disclina-
tions (frames a,d). After an interval of ∼ 5ms, a clear
asymmetry between the disclination kinetics of different
topology becomes evident. As shown in frames b-c,e-
f,g, this results in long-lived disclinations of either class
with uniform electric field lines. This is attributed to
an increment (decrement) of the total free energy with a
positive (negative) value of the dielectric anisotropy con-
stant (frame h). Thus, the dielectric energy has a strong
influence in selecting disclinations of the desired class as
the bulk and elastic energies increase negligibly from the
no field scenario. Physically, the acceleration (or retarda-
tion) in the loop extinction kinetics at the late stage can
be interpreted as effective acceleration (or retardation)
in speed of approach between ±1/2-charged topological
dipole within a charge-neutral loop of different class due
to the electric force. Consistent evidence of class selection
is also obtained, however on a much longer timescale, for
values of the electric field magnitude much smaller than
the Fre´edericksz threshold value. However, the decay ki-
netics of disclinations of a particular homotopy class is
accelerated in the presence of an intense electric field due
to the absence of backflow in our model to compensate
8the electric drag. We expect new phenomena in exper-
iments on thermotropic biaxial media under an intense
electric field, perhaps similar to the behavior of uniaxial
disclinations under an intense electric field[6].
III. DISCUSSIONS
Electrorheology of line defects, with[36–38] or
without[23] particulate inclusion, under an intense elec-
tric field have established the coupling of orientation ten-
sor with hydrodynamics and uniformity in the electric
field, though the effect of nonuniformity in the electric
field[19, 39–41] and the effect of thermal fluctuations are
less explored. The effect of hydrodynamics is assumed
to be negligible under moderate to weak electric field
intensity[42]. We have examined the role of thermal fluc-
tuations and nonuniformity of electric field in this limit
and have shown that fluctuating electronematics is a ro-
bust tool to mimic laboratory experiments[6, 7, 13] in
silico for anisotropic NLC in three dimensions. From
the structure of the orientation tensor, we present a sim-
ple way to identify and classify the line defects and to
compute physical quantities from the geometry of discli-
nations.
We have shown how the spatial uniformity in elec-
tric field is gained in approaching the Fre´edericksz limit.
Apart from modifying the kinetic pathway of the coarsen-
ing of athermal disclination network, the external stim-
uli in terms of temperature fluctuations and local elec-
tric field essentially probe two emergent length scales:
(i) interfacial correlation length between isotropic and
nematic phase and (ii) radius of curvature of disclina-
tion loop. Neglecting any local heating effects due to the
variation of temperature, any change in the correlation
length is attributed to the disclination core size as well its
geometric position within the three-dimensional volume.
Although the evolution is temporally dilated compared to
the no-field scenario, the external field cannot sufficiently
modify the radius of curvature of isotropic disclinations -
thus the lines are not stretched along the direction of the
electric field, rather they retain their shape even when
the director gets aligned along or perpendicular to the
field direction depending on the sign of material’s di-
electric anisotropy. The inhomogeneity of the nematic
orientation is manifest in the inherent nonuniformity of
the local electric field - resulting in the highly nonuni-
form electric flux lines within the sample. The electric
field induces a memory to the material that exhibit an
elastic response and also induces a kinetic asymmetry
within disclinations of the different class. On the other
hand, increase in thermal fluctuations tends to increase
the disclination surface density.
This complex interaction can be intelligently engi-
neered to yield a fascinating outcome in a more com-
plex scenario, for example, fractal nematic colloids[43],
metadevices[44] and photonic applications[45]. The elec-
tric field induced kinetic asymmetry leading to the class
selection of biaxial disclinations can develop into novel
materials in topologically similar systems. Other than
NLC, the presented work has resemblance with line de-
fects in passive[2, 3, 9] and active[10, 46] soft matter
including conducting microwires[47] and self-assembled
resonators[48], and thus has the potential to bring excit-
ing applications in diverse systems.
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Appendix A: Fluctuating electronematics: model
energy and thermal kinetics.
Instantaneous orientational order, that distinguishes
between the disordered liquid state and partially ordered
nematic state, is characterized by a symmetric traceless
second rank tensor[1]
Q =
1
2
[
3S nn +B2(ll−mm)
]
; −1
3
≤ S ≤ 2
3
, B2 < 3S,
(A1)
where {n,l,m} denote the alignment direction of the long
(director), intermediate (codirector) and short axis (sec-
ondary director) with the degree of uniaxiality S ∝ 〈Y 02 〉t
and biaxiality B2 ∝ 〈Re[Y ±22 ]〉t. Y ml are the spherical
harmonics of degree l with order m, 〈·〉t denotes the en-
semble average at that instant t and symmetric traceless
is symbolized with · . While B2 cease to null as S at-
tains its maximum, other moments R2 generated from
the planar projection of {n,l} is also exercised to define
biaxiality[34]. B2 is numerically less expensive in consid-
ering one less degree of freedom, nevertheless, R2 plays an
important role in understanding the field-induced switch-
ing kinetics[49].
The ground state free energy including the excitations
due to the spatial distortions and dielectric coupling are
represented in the phenomenological Ginzburg-Landau-
de Gennes (GLdG) free energy functional
Ftotal =
∫
V
d3x(Fbulk[Q] + Felastic[∂Q] + Fdielec[Q]),
(A2)
where V is the material volume. Bulk energy is su-
perposition of absolute rotationally invariant functions
of tensorial order Fbulk[Q] = ATrQ2/2 + BTrQ3/3 +
9C(TrQ2)2/4+E′(TrQ3)2, where parameters {A,B} con-
trol the system temperature and size disparity, C > 0
preserves the boundedness and E′ 6= 0 brings the notion
of biaxiality[1]. Higher order expansions are not required
while[28] (TrQ2)3/6 ≥ (TrQ3)2. Order in equilibrium is
obtained from ∂SFbulk(S) = ∂B2Fbulk(B2) = 0, which
for a uniaxial media is Sueq = −B/6C + (B2/36C2 −
2A/3C)1/2; (B2)ueq = 0, while for a biaxial media,
(B2)beq = [−2A+Sbeq(2B − 3CSbeq + 9E′S3beq)]1/2/[C +
9E′S2beq]
1/2 and clumsy algebraic expression for Sbeq is
omitted for brevity.
Inhomogeneities due to the excitations above the
ground state is concealed within the symmetry allowed
lowest order terms in Felastic[∂Q] = [L1(∂Q)2 + L2(∂ ·
Q)2 + L3Q · (∂Q)2]/2, where ratio κ = L2/L1 and
Θ = L3/L1 of the elastic constants can be mapped to the
Frank constants splay, bend and twist[50]. For MBBA,
(κ,Θ) ≈ 1 while for 5CB, κ ≈ 40,Θ ≈ 1 which designate
nearly equal splay and bend constants for both materials
(Θ 6= 0) but the twist constant is an order smaller than
splay or bend. This results into nucleation of integer
topological charged nematic droplets in the metastable
isotropic medium of 5CB, while topologically uncharged
nematic droplets nucleate in the metastable medium of
MBBA[20, 51].
The optical dielectric permittivity tensor is related to
the orientation tensor when separated into symmetric
and antisymmetric part  = sδ + aQ, where δ is the
Kronecker delta, s = Tr/3 and a = 2(‖ − ⊥)/3 with
‖(⊥) being the permittivity along (orthogonal to) the
director. The material parameters are s = 0.74a, where
for 5CB a = 5.8 at T = 33.65
◦C and a = −0.7 for
MBBA at T = 25◦C[27, 52]. Application of a spatially
varying electric field E = −∂Ψ leads to an electric dis-
placement D =  · E and therefore to a dielectric (free)
energy term Fdielec[Q] = −0D · ∂Ψ/8pi with 0 being
the vacuum permittivity and Ψ the electric potential.
We characterize the intensity of the electric field with
respect to the order[19, 53] and thermal energy by the
nondimensional ratios ε1 = (0aE
2/8piASueq)
1/2 and
ε2 = (0aE
2/8pikBT )
1/2. We estimate the Fre´edericksz
threshold to orient a director in a uniformly oriented ne-
matic state along (orthogonal to) an electric field in a
twist geometry, calculated by minimizing the free energy
for director distortion and field coupling, to be[54]
EF =
pi
Lx
[9S2L1{1 + 23 (κ+ Θ)}
20a
]1/2
; ΨF = LxEF ,
(A3)
where Lx is the spacing between the electrodes.
In the present study, confinement effects e.g. cen-
trosymmetry breaking geometric restriction at the
boundary by coverslips, patterned or chemically active
walls, curvature induced polarization and the presence
of free ions are not considered. For bent-core molecules,
curvature induced polarization can be incorporated by
adding P f = c1∂ ·Q + c2∂ · (Q ·Q) + c3∂(TrQ2) + c4[Q ·
(∂ ·Q)− (Q ·∂) ·Q] to the electric displacement D, where
c1,...,4 are coefficients[55]. Free ions can also be neglected
by retaining n 0ΨF /eL2x, where n is the free ion den-
sity and e the electric charge[19].
When the medium is sufficiently dry so that the long
ranged hydrodynamic interaction produced by the motile
disclinations do not interfere the kinetics and fluid in-
ertia plays no role - thus restricting to an overdamped
relaxational kinetics without convection of momentum,
the Langevin equation displaying the time evolution of
the electric potential together with the orientation ten-
sor can be written as
∂tΨ = ∂ ·D; ∂tQ = −Γ .. δFtotal
δQ
+ ξ, (A4)
where Γ = Γ
[
δikδjl + δilδjk − 2δijδkl/3
]
is a 4th rank
tensor that maintains the symmetric-traceless property
on the right-hand side of second equation (A4). The
rotational diffusion constant Γ is approximated to be
independent of Q and the stochastic term ξ satis-
fies the property of the orientation tensor 〈ξ(x, t)〉 =
0, 〈ξ(x, t)ξ(x′, t′)〉 = 2kBTΓδ(x− x′)δ(t− t′) and is con-
structed as a summation of Wiener process to keep dis-
crete fluctuation dissipation (FDT) spectrum intact over
all Fourier modes and thus to sample Gibbs distribution
in thermal equilibrium[26]. We stress at this point that
the functional derivative of Fdielec[Q] with respect to Ψ is
the divergence of the electric displacement D[39]. This le-
gitimate the imposition of Maxwell’s equation along with
the Q-tensor equation. Unlike Ref.[41], we neglect cross-
coupling between terms proportional to δFtotal/δψ to the
right-hand side of ∂tQ equation and δFtotal/δQ to the
right-hand side of ∂tψ equation for simplicity.
By substituting equation (A2) in equation (A4), the
coupled Maxwell-GLdG equation in expanded form reads
∂tΨ =0(s ∂
2Ψ + a∂iQij∂jΨ),
∂tQij =− Γ
[
(A+ CTrQ2)Qij + (B + 6E
′TrQ3)Q2ij −
L1{∂2Qij + Θ (Qmn∂m∂nQij − 12∂iQqr∂jQqr) +
κ ∂i∂lQjl } − 1
8pi
0a ∂iΨ∂jΨ
]
+ ξij . (A5)
A significant departure from uniformity in electric flux
lines is expected when O(Ψ/ΨF ) ∼ O(Q). Thus, near
and below the supercooling temperature T < T ∗, the
orientational order is small and is affected by a moderate
to small magnitude of the electric force. Conversely, un-
der an intense electric field E  EF , O(Ψ/ΨF ) O(Q)
and the electric field can remain spatially uniform by de-
coupling from the Q-tensor equation (A5) to yield,
∂tQij =− Γ
[
(A+ CTrQ2)Qij + (B + 6E
′TrQ3)Q2ij −
L1{∂2Qij + Θ (Qmn∂m∂nQij − 12∂iQqr∂jQqr) +
κ ∂i∂lQjl } − 1
8pi
0a EiEj
]
+ ξij . (A6)
An extensive numerical route of investigation is presented
next.
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The deterministic part of the equation (A6) has been
widely exercised in two-dimensional monolayered thin
films in one elastic constant approximation (κ = Θ = 0)
to examine electrokinetic effects of point defects in
switching experiments[29, 56]. However, an impeccable
role of backflow and elastic anisotropy is found to
decipher asymmetric speed of ±1/2 integer defects
under intense electric field[23, 32], that also leads to
ceasing motility of disclinations due to the backflow[6].
A quantitative measure in three-dimensional media
under intense electric field, albeit experimentally posed
for single disclination in deep uniaxial state[6], is yet
to be sought by including Beris-Edwards model[42]
for fluid flow to the presented fluctuating electrone-
matics model. Here instead, we focus on moderate
to the small magnitude of electric forces including
thermal fluctuations at temperature close and below
T ∗ where advective effects can be neglected for simplicity.
Appendix B: Stochastic method of lines for
fluctuating electronematics.
We consider a thick rectangular slab of insulating ther-
motropic NLC material in thermal equilibrium, with an
80µm × 160µm base and 80µm height. At equilibrium,
periodic boundaries in three Cartesian directions are re-
tained, that can be realized as a free standing anisotropic
thick film from a groove. The electric potential at x = 0
is fixed at zero and at x = Lx is held according to the de-
sired field magnitude with Dirichlet boundary condition
and periodicity is maintained in the yz-directions. This
is mimic by suspending the thick slab within two planar
laser beams kept at a different potential or placing within
an electrode without the notion of an easy axis.
An elegant way to numerically integrate equations (A5-
A6) while retaining the symmetric-traceless property of
{Q, ξ} tensor is by projection on a basis of five 3×3 ma-
trices as[26, 57] Q =
∑
l alTl;ξ =
∑
l ζlTl (l = 1, . . . , 5),
so that the kinetics is projected into the basis coeffi-
cients al. The fluctuating force in the projected ba-
sis has the property, 〈ζl(x, t)〉 = 0, 〈ζl(x, t)ζm(x′, t′)〉 =
2kBTΓδlmδ(x− x′)δ(t − t′). After projection, equation
(6) translates into
∂tΨ =0(s ∂
2Ψ + aT
l
ij∂ial∂jΨ),
∂tal =− Γ
[
(A+ CTrQ2)al + (B + 6E
′TrQ3)T lij Q
2
ij −
L1
{
∂2al + Θ
(
Qmn∂m∂nal − T lij∂iap∂jap
)
+
κ T lijT
p
jk∂i∂kap
}− 1
8pi
0aT
l
ij ∂iΨ∂jΨ
]
+ ζl,
(B1)
while equation (7) takes the form,
∂tal =− Γ
[
(A+ CTrQ2)al + (B + 6E
′TrQ3)T lij Q
2
ij −
L1
{
∂2al + Θ
(
Qmn∂m∂nal − T lij∂iap∂jap
)
+ κ T lijT
p
jk∂i∂kap
}− 1
8pi
0aT
l
ij EiEj
]
+ ζl.
(B2)
To numerically integrate the above equations (B1 or
B2), we adopt a central finite differencing to spatially
discretize the Laplacian and mixed derivates. An ex-
plicit stochastic method of lines (SMOL) integrator is
exercised for seamless temporal integration[58]. SMOL is
a stochastic generalization of the deterministic method of
lines approach[59] that relies on discretizing the spatial
derivates without a temporal discretization, thus yielding
to a set of ordinary differential equations in time, that
can be easily integrated using the standard numerical
libraries[60]. Though spatial accuracy can be increased
by using spectral collocation method[61], obtained solu-
tion is usually limited by the temporal accuracy of the
integrator. SMOL is numerically stable without compu-
tational hindrance with convergence, is less computation-
ally overloaded, spatiotemporally second order accurate,
satisfies discrete FDT and can faithfully reproduce lab-
based experiments in silico[7, 13, 20, 31, 32].
In coarsening kinetics, a kinetic length scale
is extracted from the scattered light intensity
inscribed within the structure function S(q, t)
as ξ = [
∫
d3qS(q, t)q2/
∫
d3qS(q, t)]−1/2, where
S(q, t) = Qij(q, t)Qij(−q, t)/
∫
d3qQij(q, t)Qij(−q, t)
with the orientation tensor defined as Q(q, t) =∫
V d
3xQ(x, t)e−iq·x/V [62]. At equilibrium, the
Ornstein-Zernicke form of the spatial correlation
〈Q(0)Q(x)〉 ∝ Γe−|x|/ζ/|x| defines the coherence length
ζ = [{1 + 2(κ + Θ)/3}L1/A]1/2. By definition, ζ deter-
mines the core size of a disclination which is distinct from
the length scale ξ that denotes the mutual separation
between two strings and also the separation between
±1/2 integer dipoles within a shrinking disclination
loop (or the radius of curvature). Thus, the length
scale obtained from the disclination surface density
ρ ∼ ξ−2 shown in frame 3g is identical with the length
scale obtained from correlation functions[16]. In our
numerics, time, length, and energy scales are resolved
by non-dimensionalizing equations (B1-B2)[20] and
strictly retaining (i) Courant-Friedrichs-Lewy condition
for timestep to avoid stiffness[63], (ii) ∆x ζ to resolve
the grid spacing and distortion length embedded in
the disclination core, (iii) ∂S < S/ζ for the validity
of the GLdG method and, (iv) kBT  barrier height
between isotropic-nematic state at clearing point to
avoid any spurious oscillations between the two phases,
thus, kBT = F∗/10, where F∗ = 9CS4ueq/16 is the
non-dimensionalized distortion free energy[16]. With
the chosen values of {0, s, a}, electric field relaxation
is rapid compared to the orientational kinetics, so as
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FIG. 7. A portion of the xy-slice plane of an 802 × 160µm3
thermotropic biaxial NLC (portrayed in frame 1e,g) display-
ing ±1/2 integer defects corresponding to two different class
of disclinations. Note that singular points of homotopy class
Cy are markedly different than Cz by ∂n = 0, otherwise for
both classes, (∂S,∂B2, ∂ l) 6= 0. Material (computation) pa-
rameters are tabulated in Table I.
a steady electric field is obtained for each step of Q-
evolution. Grid size independence, numerical accuracy,
and validity of physical tests were confirmed for each
presented graphics and for both equations (B1-B2).
We finally discuss difference of our method with exist-
ing methodology in connection with the electrorheology
of disclinations. Within Leslie-Ericksen (LE) theory in
one dimension using free energy minimization technique,
both the effect of rheology[64] and nonuniform electric
field[41] has been exercised. Traditionally, LE theory is
suitable in deep within the nematic phase where it is
assumed that {S,B2, l} are constant in the orientation
tensor and elastic distortion is concealed in n only. Ear-
lier attempts to include hydrodynamics[65] to LE theory
were through the finite element method (FEM)[66].
Also, the finite volume method (FVM) applied to
Smoluchowski equation for the orientational probability
density function is yet at a preliminary stage[67]. On the
other hand, after the advent of large scale computation,
numerical solution of the athermal orientation tensor
equation retaining all independent degrees of freedom
is exercised through cell-dynamic scheme (CDS)[18],
finite difference methods (FDM) [36, 68] as well as
the method of lines (MOL)[59] approach to the GLdG
theory. Attempts to include hydrodynamics and thermal
fluctuations to the FDM via fluid particle dynamics
(FPD)[36] were replaced with the Lattice-Boltzmann
method (LBM)[38, 69], while inclusion of thermal
fluctuations retaining second-order numerical accuracy
is extended as a stochastic generalization of the method
of lines (SMOL)[26]. In this manuscript, SMOL com-
plements the inclusion of Maxwell’s equation to the
existing formulation and motivates the association of
hydrodynamics[24] for intense electric field studies and
Fourier’s law of latent heat conduction[70] for confined
NLC systems.
Appendix C: Identification and topological
classification of disclinations.
Disclinations of different homotopy class are obtained
after extracting {S,B2,n, l} from the basis coefficients
ai on each space point by a similarity transformation.
The scalar values are colour rendered according to the
indicated bars in figure 1. Disclinations are identified
by sketching the isosurfaces with specific isovalue of the
scalar fields. At a late stage of the kinetics when few iso-
lated disclinations are existent, a plane from the three-
dimensional volume is sliced in which the lateral section
of disclinations appear as points. Once the physical lo-
cation of disclinations are identified, the homotopy class,
charge and sign of defect is calculated from the spatial
distribution of {n,l}. Similar to the Volterra construction
in crystal dislocation, a Burgers circuit γ displayed in fig-
ure 7 is constructed using neighboring lattice points that
encircle the defect[18]. The angular shift of {n,l} is mea-
sured while traversing one complete loop and the charge
and sign of defects are estimated using the hodograph
method[1]. If u = (sinθcosφ, sinθsinφ, cosθ) is direction-
ally equivalent with −u = (sinθ′cosφ′, sinθ′sinφ′, cosθ′)
where (θ, φ) are polar and azimuthal angle in an arbi-
trary frame, then following transformation retains the
centrosymmetry,
θ′ → pi − θ; φ′ → pi + φ. (C1)
For ±1/2 integer disclinations in a slice plane of uniaxial
NLC shown in frame 1c, while traversing γ, n rotates
by ±pi. In biaxial NLC, homotopy classes are identi-
fied using the following recipe[18]: (i) for Cx class of
disclinations, n rotates by ±pi but l does not rotate, (ii)
for Cy class of disclinations, n does not rotate but l ro-
tates by ±pi and, (iii) for Cz class of disclinations, both
{n, l} rotates by ±pi. We do not find any Cx class of
disclinations, which is consistent with the analytic pre-
diction on two-dimensional nonabelian vortices[17] and
numerical computations[16, 18]. This algorithm not only
supersedes the traditional defect classifying approaches
using vector field, tensor glyph or hyperstreamline seed-
ing through Mueller and Westin matrices[71, 72] but can
uniquely determine disclinations from the structure of
orientation tensor rather than rely on the vectorial infor-
mation.
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Supplementary Figure S1. Comparison of the kinetics of disclination density per unit area for uniform [solution of equation
(7)] and nonuniform [solution of equation (6)] electric field, together with the degenerate (one) elastic constant approximation
(κ = Θ = 0) and non-degenerate variant (κ 6= Θ 6= 0) in a coarsening thermal uniaxial NLC media. Panel a (Panel b) display
the same for negative (positive) dielectric constant material. Though the kinetics for degenerate and non-degenerate elastic
constant scenario are very similar, an increased life-span of pi-solitons with non-Markovian response during field cessation is
observed when nonuniformity in the electric field is considered.
Supplemental Information
PROCEDURE TO SAMPLE THE FIELD VARIABLES
As an initial condition, we prepare the isotropic state by drawing S and T randomly from a normal distribution
N (0, 2kBT ) using BoxMuller transform to the standard library routines[60]. We sample cosθ from a uniform distri-
bution between −1 and 1, φ between 0 and 2pi to generate director n and codirector l. The secondary director m is
constructed through the Gram-Schmidt orthogonalization procedure[73]. The thermal fluctuations are incorporated
in each numerical step using the basis transformation ξ → ζ[26]. After making the transformation Q→ a, we evolve
equation(B1), presented in the Appendix section in the main article, for different initial configurations and switch
on and off the electric potential difference at ton and toff to sample the nonequilibrium state space, as the system
transforms from an isotropic phase to a nematic phase. Using an inverse transformation a→ Q and space derivate of
the electric potential Ψ, we reconstruct the orientation tensor and electric flux lines at every space point.
COMPARISON BETWEEN UNIFORM AND NONUNIFORM ELECTRIC FIELD SCENARIO
In Supplementary Figure S1, we compare the decay of surface disclination density with time for thermal uniaxial
media for both sign of dielectric constant for various cases: (i) equilibrium disclination kinetics (electric field E =
0), disclination network under (ii) uniform and (iii) nonuniform E for equal (κ = Θ = 0) and unequal (κ 6= Θ 6= 0)
elastic constant approximation. Field switch on (ton) and switch off (toff ) with an instantaneous snapshot of the
uniaxial degree along with the electric flux lines are also embedded in the graphics. Similar to figure 2c in the main
article, we find that far from the critical line, the response of the disclinations to the electric field for degenerate and
non-degenerate elastic constants are similar to statistical averaging. However, in the presence of nonuniform electric
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field for both degenerate and non-degenerate elastic constant scenario, the disclinations are long-lived.
[1] M. Kleman and O. Lavrentovich, Soft Matter Physics: An Introduction (Springer Verlag, New York, 2002).
[2] V. M. H. Ruutu, V. B. Eltsov, A. J. Gill, T. W. B. Kibble, M. Krusius, Y. G. Makhlin, B. Placais, G. E. Volovik, and
W. Xu, Nature 382, 334 (1996).
[3] D. J. Bishop, P. L. Gammel, D. A. Huse, and C. A. Murray, Science 255, 165 (1992), ISSN 0036-8075.
[4] C. N. Weiler, T. W. Neely, D. R. Scherer, A. S. Bradley, M. J. Davis, and B. P. Anderson, Nature 455, 948 (2008).
[5] T. Machon and G. P. Alexander, Phys. Rev. X 6, 011033 (2016).
[6] A. Vella, R. Intartaglia, C. Blanc, I. I. Smalyukh, O. D. Lavrentovich, and M. Nobili, Phys. Rev. E 71, 061705 (2005).
[7] I. Chuang, R. Durrer, N. Turok, and B. Yurke, Science 251, 1336 (1991).
[8] Kleman, M. and Friedel, J., J. Phys. Colloques 30, C4 (1969).
[9] M. Kle´man, Phys. Rev. B 13, 3091 (1976).
[10] J. Dreier, J. Brewer, and A. C. Simonsen, Soft Matter 8, 4894 (2012).
[11] P. Avelino, D. Bazeia, J. Menezes, and B. de Oliveira, Physics Letters A 378, 393 (2014), ISSN 0375-9601.
[12] N. D. Mermin, Rev. Mod. Phys. 51, 591 (1979).
[13] M. Nikkhou, M. Sˇkarabot, S. Cˇopar, M. Ravnik, S. Zuˇmer, and I. Musˇevicˇ, Nature Physics 11, 183 (2015).
[14] F. C. Frank, Discuss. Faraday Soc. 25, 19 (1958).
[15] J. L. Billeter, A. M. Smondyrev, G. B. Loriot, and R. A. Pelcovits, Phys. Rev. E 60, 6831 (1999).
[16] A. K. Bhattacharjee, Ph.D. thesis, Homi Bhabha National Institute, Mumbai (2010).
[17] C. Kobdaj and S. Thomas, Nuclear Physics B 413, 689 (1994), ISSN 0550-3213.
[18] M. Zapotocky, P. M. Goldbart, and N. Goldenfeld, Phys. Rev. E 51, 1216 (1995).
[19] T. Uchida, T. Araki, and A. Onuki, Soft Matter 11, 2874 (2015).
[20] A. K. Bhattacharjee, Scientific Reports 7, 40059 (2017).
[21] B. M. Wincure and A. D. Rey, Nano Letters 7, 1474 (2007).
[22] N. M. Abukhdeir, Liquid Crystals 43, 2300 (2016).
[23] G. To´th, C. Denniston, and J. M. Yeomans, Phys. Rev. Lett. 88, 105504 (2002).
[24] A. Donev, A. Nonaka, A. K. Bhattacharjee, A. L. Garcia, and J. B. Bell, Physics of Fluids 27, 037103 (2015).
[25] L. O´. Na´raigh, Phys. Fluids 29, 043102 (2017).
[26] A. K. Bhattacharjee, G. I. Menon, and R. Adhikari, J. Chem. Phys. 133, 044112 (2010).
[27] P. Collings and M. Hird, Introduction to Liquid Crystals: Chemistry and Physics (Taylor & Francis, Bristol PA, 1997),
ISBN 0203211197.
[28] E. F. Gramsbergen, L. Longa, and W. H. de Jeu, Physics Reports 135, 195 (1986).
[29] B. F. de Oliveira, P. P. Avelino, F. Moraes, and J. C. R. E. Oliveira, Phys. Rev. E 82, 041707 (2010).
[30] Ø. Hjelle and M. Daehlen, Triangulations and Applications (Mathematics and Visualization) (Springer, 2006).
[31] I. Chuang, N. Turok, and B. Yurke, Phys. Rev. Lett. 66, 2472 (1991).
[32] M. Nikkhou, M. Sˇkarabot, and I. Musˇevicˇ, Phys. Rev. E 93, 062703 (2016).
[33] J. M. O. de Za´rate and J. V. Sengers, Hydrodynamic fluctuations in fluids and fluid mixtures (Elsevier, 2006), ISBN
9780444515155.
[34] G. R. Luckhurst and T. Sluckin, Biaxial Nematic Liquid Crystals: Theory, Simulation, and Experiment (John Wiley &
Sons, Inc, 2015), 1st ed.
[35] L. A. Madsen, T. J. Dingemans, M. Nakata, and E. T. Samulski, Phys. Rev. Lett. 92, 145505 (2004).
[36] T. Araki and H. Tanaka, Phys. Rev. Lett. 97, 127801 (2006).
[37] M. Ravnik and S. Zuˇmer, Soft Matter 5, 269 (2009).
[38] J. S. Lintuvuori, D. Marenduzzo, K. Stratford, and M. E. Cates, J. Mater. Chem. 20, 10547 (2010).
[39] K. Tojo, A. Furukawa, T. Araki, and A. Onuki, The European Physical Journal E 30, 55 (2009).
[40] L. Foret and A. Onuki, Phys. Rev. E 74, 031709 (2006).
[41] L. J. Cummings, E. Mema, C. Cai, and L. Kondic, Phys. Rev. E 90, 012503 (2014).
[42] A. Beris and B. Edwards, Thermodynamics of Flowing Systems (Oxford University Press, Oxford, 1994).
[43] S. Hashemi, U. Jagodic, M. Mozaffari, M. Ejtehadi, I. Musevic, and M. Ravnik, Nature Communications 8, 14026 (2017).
[44] N. I. Zheludev and Y. S. Kivshar, Nature Materials 11, 917 (2012).
[45] S. Obayya, Computational Liquid Crystal Photonics (John Wiley & Sons, Ltd., 2016), ISBN 9781119041955.
[46] D. Bartolo, Nature Materials 14, 1084 (2015).
[47] R. Stannarius, Nature Materials 8, 617 (2009).
[48] F. Serra and S. Yang, Nature Materials 15, 10 (2016).
[49] M. Ricci, R. Berardi, and C. Zannoni, The Journal of Chemical Physics 143, 084705 (2015).
[50] K. Schiele and S. Trimper, physica status solidi (b) 118, 267 (1983), ISSN 1521-3951.
[51] X. Chen, B. Hamlington, and A. Q. Shen, Langmuir 24, 541 (2008).
[52] L. Blinov and V. Chigrinov, Electrooptic Effects in Liquid Crystal Materials (Springer series on partially ordered systems,
New York, 1994).
[53] G. D’Adamo, D. Marenduzzo, C. Micheletti, and E. Orlandini, Phys. Rev. Lett. 114, 177801 (2015).
14
[54] V. Fre´edericksz and A. Repiewa, Zeitschrift fu¨r Physik 42, 532 (1927), ISSN 0044-3328.
[55] M. L. Blow and M. M. T. da Gama, Journal of Physics: Condensed Matter 25, 245103 (2013).
[56] P. P. Avelino, F. Moraes, J. C. R. E. Oliveira, and B. F. de Oliveira, Soft Matter 7, 10961 (2011).
[57] P. Kaiser, W. Wiese, and S. Hess, J. Non-Equilib. Thermodyn. 17, 153 (1992).
[58] J. Wilkie, Phys. Rev. E 70, 017701 (2004).
[59] A. K. Bhattacharjee, G. I. Menon, and R. Adhikari, Phys. Rev. E 78, 026707 (2008).
[60] S. Abhyankar, J. Brown, E. Constantinescu, D. Ghosh, and B. F. Smith, Preprint ANL/MCS-P5061-0114, Argonne
National Laboratory (2014).
[61] S. M. Kamil, A. K. Bhattacharjee, R. Adhikari, and G. I. Menon, Phys. Rev. E 80, 041705 (2009).
[62] A. J. Bray, Adv. Phys. 43, 357 (1994).
[63] R. Courant, K. Friedrichs, and H. Lewy, Mathematische Annalen 100, 32 (1928), ISSN 1432-1807.
[64] P. Patrcio, C. Leal, L. Pinto, A. Boto, and M. Cidade, Liquid Crystals 39, 25 (2012).
[65] T. Qian and P. Sheng, Phys. Rev. E 58, 7475 (1998).
[66] R. James, E. Willman, F. A. Fernandez, and S. E. Day, IEEE Transactions on Electron Devices 53, 1575 (2006), ISSN
0018-9383.
[67] S. D. Ryan, G. Richards, X. Zheng, and P. Palffy-Muhoray, Molecular Crystals and Liquid Crystals 647, 207 (2017).
[68] P. D. Olmsted and P. Goldbart, Phys. Rev. A 41, 4578 (1990).
[69] C. Denniston, E. Orlandini, and J. M. Yeomans, Phys. Rev. E 63, 056702 (2001).
[70] N. M. Abukhdeir, E. R. Soul, and A. D. Rey, Langmuir 24, 13605 (2008).
[71] F. Fu and N. M. Abukhdeir, IEEE Transactions on Visualization and Computer Graphics 21, 413 (2015).
[72] A. Callan-Jones, R. A. Pelcovits, V. Slavin, S. Zhang, D. Laidlaw, and G. Loriot, Phys. Rev. E 74, 061701 (2006).
[73] G. B. Arfken, H. J. Weber, and F. E. Harris, Mathematical Methods for Physicists (Academic Press, Boston, 2013), ISBN
978-0-12-384654-9.
  
C x
t=1559μ s t=1559μ s
C y
C y
C z
100μm
t=2.4ms t=2.7ms t=2.8ms
Supplementary Movie S1. Nucleation, intercommutation (marked with dashed box) and extinction of disclinations in a
coarsening athermal uniaxial NLC. The animation sequentially portrays of the evolution of uniaxial order S & biaxial order B2
for an uniaxial NLC subjected to a temperature quench from a disordered isotropic phase to an ordered uniaxial nematic phase.
Colourbars and isovalues corresponding to the isosurfaces of disclinations are indicated in figure 1 in the main article. As S
grows towards the saturation value Sueq, isotropic domain coarsening leads to the nucleation of charge neutral disclinations with
±1/2 integer topological dipoles at two end segments at around 1.2ms. These strings intercommute by exchanging segments
with each other to form closed contractile loops that are extinct from the medium to minimize the total (free) energy. The
right panel displays of the reduced B2 in the media with (B2)max around the disclination core.
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Supplementary Movie S2. Disclination kinetics in a coarsening athermal biaxial NLC. Similar to Supplementary Movie S1,
this animation displays of the evolution of S & B2 for a thermotropic biaxial NLC, subjected to a temperature quench from
an isotropic phase deep into the biaxial phase. Colourbars and isovalues corresponding to the isosurfaces of disclinations are
indicated in figure 1 in the main article. As {S,B2} grows in the media towards the saturation value {Sbeq, (B2)beq}, isotropic
domain coarsening leads to the nucleation of pi solitons of Cy and Cz class at around 0.5ms (left panel), that intercommute only
within the respective class to form contractile loops to squeeze (right panel). In B2, strings of similar width for different isovalues
as mentioned in figure 1 is coloured to distinguish. As already noted that devoid of chirality, the nonabelian disclinations of
different class do not entangle but pass through each other.
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Supplementary Movie S3. Nonuniform electric flux lines and temporal dilation of disclination kinetics in a coarsening thermal
uniaxial NLC. The animation sketches the evolution of (S,∂Ψ) & (B2, ∂Ψ) for a thermal uniaxial NLC coarsening following a
temperature quench from an isotropic state, subjected to the onset of an electric field at ton = 1ms and cessation at toff = 5ms
for a < 0. Similar response for a > 0 is not shown for brevity. Note that in the second panel after ton, electric field drives the
fluctuating nematic media to attain a nematic phase with S > Sueq, however, the line defect kinetics is significantly reduced
during the interval [ton, toff ]. Note that disclinations are thinner after application of field and regains its equilibrium thickness
after cessation of the field.
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Supplementary Movie S4. Application of a uniform electric field, leading to deficient slowing down of the disclination kinetics
in a coarsening thermal uniaxial NLC. The animation sketches the evolution of (S,∂Ψ) & (B2, ∂Ψ) for a thermal uniaxial NLC
coarsening following a temperature quench from an isotropic state, subjected to the onset of an electric field at ton = 1ms and
cessation at toff = 5ms for a > 0. Similar response for a < 0 is not shown for brevity. When compared to Supplementary
Movie S3, the temporal dilation of disclination network in the presence of electric field is not substantial.
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Supplementary Movie S5. Nonuniform electric flux lines, temporal dilation of disclination kinetics and selection of Cz class
in a coarsening thermal biaxial NLC with a < 0. The animation sequentially portrays evolution of (S,∂Ψ) & (B2, ∂Ψ) for
a coarsening thermal biaxial NLC following a quench from an isotropic state, subjected to the onset of an electric force at
ton = 1ms. Note that unlike Supplementary Movie S3, we do not switch off the field (toff → ∞). After ton, the electric field
drives the isotropic media to attain a biaxial nematic phase with S > Sbeq, however, the disclination kinetics is sufficiently
reduced. The disclinations are thinner after application of electric field. The kinetic pathway of Cy,z become asymmetric and
as a result, the Cy class is long-lived. Selection of Cy class is also seen in the solution of equation 6 in the main article (not
shown). We have also noted that the equilibrium dynamics is regained after cessation of field (not shown).
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Supplementary Movie S6. Nonuniform electric flux lines, temporal dilation of disclination kinetics and selection of Cy class in
a coarsening thermal biaxial NLC with a > 0. Instead of Supplementary Movie S5, here we find that Cy class is long lived.
